Abstract A new experiment, called the NEutrino Oscillation at Short baseline (NEOS), is proposed on the site of Hanbit Reactors at Yonggwang, South Korea, to investigate a reactor antineutrino anomaly. The homogeneous NEOS detector having a 1000-l target volume was constructed and deployed at the tendon gallery 25 m away from the reactor core. The NEOS detector employs a linear alkylbenzene (LAB) based gadolinium loaded liquid scintillator with 10 % di-isopropylnaphthalene (DIN) based liquid scintillator to improve the particle identification via pulse shape discrimination. In this paper, we report the procedure for the mass production of the Gd-loaded scintillator for the NEOS detector.
Introduction
The NEutrino Oscillation at Short baseline (NEOS) experiment is a reactor-based short-baseline neutrino oscillation experiment to investigate a reactor antineutrino anomaly by using electron antineutrinos emitted from reactor number 5 at the Hanbit Nuclear Power Plant. The plant has a maximum thermal power output of 2.8 GW th and is located in South Korea. A NEOS detector is installed on the concrete foundation of the tendon gallery of the reactor building, in a dedicated space beneath the reactor core. The NEOS detector is a 1000-l homogeneous detector using a well-known liquid scintillator (LS) technology. A linear alkylbenzene (LAB, C n H 2n?1 -C 6 H 5 , where n = 10-13) is used as the main base organic solvent of the NEOS detector. A small portion of di-isopropylnaphthalene (DIN, C 16 H 20 ) is added to improve the light output capability and pulse shape discrimination (PSD).
The reactor electron antineutrino (v e ) is detected through the inverse beta decay (v e ? p ? e ? ? n, IBD) interaction, with free protons in a hydrocarbon liquid scintillator (LS) as a target [1] [2] [3] . The prompt signal releases energy of 1.02 MeV as two gamma rays from the positron annihilation in addition to the positron kinetic energy. If the neutron is captured by a hydrogen, it emits a gamma-ray with an energy of 2.2 MeV. However, if the LS is loaded with a small amount of gadolinium (Gd), having a large neutron capture cross-section, the delayed neutron capture signal can produce several gamma-rays, of which the total energy is *8 MeV [4, 5] . This energy is well above the low energy background.
During the 1980s and 1990s, several short-baseline experiments were carried out with a detector located a few tens of meters away from reactor cores. In these experiments, R = N o /N p was calculated, where N o represents the number of observed events, and N p represents the number of predicted events [6] [7] [8] . Recently a more refined evaluation of the predicted neutrino event rate was developed by several researchers [9] [10] [11] . They claimed that the value of R shifts to below unity, which is a condition that has been termed a ''reactor antineutrino anomaly''. Currently, several short-baseline reactor experiments are being carried out to investigate this anomaly [12] [13] [14] [15] .
A combination mixture LAB-and DIN-based Gd-loaded LS for the NEOS experiment has been developed and synthesized in previous studies [16, 17] . In addition, several optical and physical properties, such as transmittance, absorption, light yield (LY), Gd concentration, and water concentration were measured for quality control [16, 17] . In this paper, we briefly report the characteristics and the handling of the mass production of the LS for the NEOS detector.
Development of the mixture of LAB-and DINbased Gd-loaded LS Liquid scintillator detectors are widely used to detect the neutrinos emitted from a reactor [1] [2] [3] . A liquid scintillator consists of a base solvent and a fluor. A secondary wavelength shifter (WLS) can also be used. Furthermore, in order to enhance the efficiency of the neutron capture signal, metal, such as gadolinium, can be loaded into the LS.
For an organic base solvent, LAB is used for the NEOS detector. LAB is known to have high transmittance and a long attenuation length [18, 19] . Furthermore, it has a high flashpoint (140°C) and poses no risk of harming the human body or the environment. These factors alleviate safety concerns for LAB use at strictly regulated reactor power plant sites. The purchased LAB is passed through a 0.1-lm pore size Teflon membrane filter to remove small particulates. For the fluor, 3 g/l of 2,5 diphenyloxazole (PPO) is used. As a WLS, 30 mg/l of bis-MSB (1,4-bis(2-methylstyryl)benzene) is dissolved to shift wavelengths to about 420 nm, which is the sensitive region of the Hamamatsu R5912 photomultiplier tube (PMT) that is used in the NEOS detector. This mixing ratio is evaluated as yielding the mixture with the optimal optical and chemical properties for the NEOS detector.
Ultima Gold F (UG-F), a readily available DIN-based LS, was purchased from PerkinElmer. The attenuation length of the DIN-based LS is shorter than that of the LAB-based LS [20] . However, DIN-based LS generally has a better pulse shape discrimination (PSD) ability than LAB-based LS. Therefore we decide to mix UG-F into a LAB-based GdLS. Our previous study shows that this LS mixture has a 30 % enhanced light yield and drastically improved PSD performance over the LABbased GdLS. The details for this are given in Refs. [16, 17] .
In order to load the Gd into the liquid scintillator, the Gd is dissolved in the organic liquid in the form of a Gdcarboxylate complex. For synthesizing the LAB-based GdLS, we adapt an existing neutralization reaction process. For the mass production of the LS for the NEOS detector, we use the well-established solvent-solvent extraction technique described fully in Refs. [19] [20] [21] . The solubility of the organic metal is higher in the organic solvent than in water, and thus all reactions are carried out in the LAB organic solvent. Also, it should be noted that the reactions are very sensitive to pH. After the reactions, the organic solvent and water are distinguishable due to the difference of density between oil and water. Due to the neutralization reaction process used in this work, the presence of water could not be avoided. Therefore, much effort was needed to remove the water for the final GdLS, including drying acrylic tank each time before usage, clearing the water drain, performing N 2 gas bubbling and fine-sealing of batches.
Mass production of mixture of Gd-loaded LABbased LS and DIN-based LS
Mass production system
The mass production system is designed to produce 1300 l of GdLS at a time. Of the 1300 l of GdLS produced, 1000 l is used for filling the NEOS detector and the remaining 300 l is used for various tests, such as long term stability. The mass production system consists of high-density polyethylene storage tanks with an impeller, acrylic mixing vessels including membrane filters, mechanical pumps, pneumatic valves, a Teflon hose pipe line, a nitrogen (N 2 ) purging device, a sewage system, and a water production system. Several acrylic tanks are constructed for the mixing and storage of liquids. A schematic of the mass production is shown in Fig. 1 . Three steps (A, B, and C) of the synthesis are performed. Loading Gd in the LS process requires a large amount of purified water. Therefore, a water purification and circulation system capable of producing *20 l of 16-MX high-purity water per hour is installed. All surfaces in contact with the liquids are made of either glass or acrylic, or are Teflon coated.
Mixing scheme of Gd-loaded LAB-based LS and DIN-based LS
The mixing scheme of Gd-loaded LAB-based LS and DINbased LS is briefly shown in Fig. 2 . Three steps are involved in synthesizing the LAB-DIN mixture based GdLS in two concurrent batches. In the first step (A), a Gdloaded LAB (Gd-LAB) solution is made with a 0.86 % Gd concentration. The Gd-LAB is prepared in ten batches of 80-100 l with the first five totaling 480 l (batch 1) and the second five totaling 420 l (batch 2). All Gd-LAB solutions in each GdLS batch are then placed into a mixing tank. In the second step (B), 120 l (170 l) of LAB is filtered through a 0.1 l filter and mixed with GdLS batch 1 (2). In the third step (C), 3 g/l of PPO, 30 mg/l of bis-MSB, and 75 l of UG-F are added to each GdLS batch and mixed well. The final GdLS mixture has a ratio of LAB-based GdLS to UG-F of 9 to 1 by volume and a Gd concentration of 0.54 %, which is the best optimized concentration to give the highest tagging efficiency of IBD candidate events. The nitrogen purging is performed at the end of each step.
Measurements of optical properties of Gd-loaded LS Light yield (LY)
The sufficient and consistent light output of each synthesized batch is essential for mass production. After synthesizing each batch of the master Gd-LAB, 300 ml is extracted for tests. An LS solution, in which PPO and bis-MSB are dissolved, is added to the extracted Gd-LAB sample to check the LY before carrying out the next steps. The light output of this GdLS sample is checked in two ways. First, each batch is illuminated with an ultraviolet (250 nm) lamp to visually check the emission of the scintillating light. To perform a more detailed inspection, the energy spectrum is determined using a 137 Cs gammaray source. The energy spectrum of each Gd-LAB batch sample is analyzed and fitted using the proper function for determining the position of the peak from the Compton scattering edge. The results are compared with those of BC521, which is a commercial LS available from the Saint-Gobain company and widely used as a reference LS. The LAB-based LS with 3 g/l of PPO and 30 mg/l bis-MSB is then used for comparison. The LY's of all the GdLS samples are the same, within the uncertainty, and are less than those of the LAB-based LS. For the case where the LY of 0.5 % Gd-loaded BC521 is 100 %, the LY of the final mixture of the LAB-and UG-F-based GdLS has previously been found to be *95 % of BC521 [21] [22] [23] [24] . Based on the single photoelectron distribution of the PMT, the LY of the sample is measured to be approximately 8500 optical photons per MeV [21, 23] .
Gd concentration
Because the Gd concentration is directly related to the capture time of the neutron, it is important to know the exact concentration of Gd. In order to determine the Gd concentration of GdLS, a complexometric Ethylene Diamine Tetra Acetic acid (EDTA) titration method with xylenol orange as the indicator is applied [25, 26] . For calibration, the certified standard Gd solutions of 0.1, 0.3, 0.5, 0.7, and 1.0 % concentrations are used. After careful calibration, the Gd concentration of steps A and B are determined to be 0.74 (0.77) and 0.61 (0.63) % in Gd-LAB batch 1 (2), respectively. Finally, with the addition of UG-F to the LAB-based GdLS in step C, the Gd concentration is lowered to 0.54 % and the NEOS detector is filled with the mixture of LAB-and DIN-based Gd-loaded LS. The uncertainty level of the EDTA method is 0.03 %.
Densities
A reasonably good density measurement is necessary to determine the number of free protons in the target of the NEOS detector. The density at each stage is measured using a portable density meter (DA-130 N, KEM) with a resolution of 0.001 g/cm 3 at 0-40°C, which is sufficient for our purposes. The measured densities in tank 1 (2) at steps A, B, and C are 0.862 (0.863), 0.859 (0.859), and 0.870 (0.871) g/cm 3 , respectively. For reference, the measured density of the pure LAB at 28°C is 0.852 g/cm 3 [27] .
Water content
If the GdLS contains water, its stability will be greatly affected. Even though we attempt to remove as much water from each batch as possible, a small amount of remaining water in the GdLS cannot be avoided. At each step, the water content is measured using Karl-Fischer titration, which is a classic titration method of analytic chemistry that provides a high level of accuracy. A Mettler Toledo C20X Karl-Fischer coulometer with a resolution of 0.1 lg is used. The water content at steps A and B in tanks 1 and 2 are found to be 650 and 500 ± 5.0 ppm.
The water content can be lowered by purging the GdLS with nitrogen gas. The water content in the final GdLS as a function of the amount of N 2 gas injected into the GdLS is shown in Fig. 3 . The amount of gas needed to flush the 1000 ' of GdLS can be estimated using the simple expression Q f = Q i e À N k , where Q f is the water concentration in ppm at the certain amount of nitrogen gas (N 2 ) that is injected, Q i is the initial concentration of water in ppm before N 2 gas is injected into the GdLS, k is the constant, and N is the certain amount of nitrogen gas (N 2 ) injected. From a fit function, k is estimated to be (33,000 ± 500) l. To achieve a level of water concentration below 250 ppm, which is our specification, from 500 ppm, 260,000 l of nitrogen gas at 1 atm is needed.
Transmittance
For success in the neutrino experiments, the GdLS should be optically transparent for the duration of the experiment. The absorption and transmittance spectra of NEOS GdLS are measured using a Shimadzu UV/Vis 1800 spectrophotometer with scanning at the wavelength range of over 300-500 nm. The GdLS sample is placed in a cuvette of 10 cm length for measurement. The absorption value A is related to the transmittance T, as A = -log(T) [28, 29] . The spectrum is related to the energy transfer mechanism between absorption and emission. As shown in Fig. 4 , the transmittance value of the NEOS liquid scintillator is over 92 % in the wavelength region from 420 to 500 nm. At this wavelength region, our PMT is the most sensitive. As previously discussed, the transmittance of UG-F itself is much lower than that of the LAB-based LS. Therefore, we observed lower transmittance in the GdLS containing 10 % of UG-F. The attenuation length is closely related to the absorption value. We use the Beer-LambertBouguer empirical law to estimate the attenuation length, which is well described in Refs. [14, 19, 29] . The attenuation length in this study is over 2 m at the wavelength of 420 nm and increases for wavelengths larger than 420 nm. The target vessel of the NEOS detector is an acrylic cylinder with a height of 1.20 m, and a diameter of 1.03 m; the current attenuation length is therefore satisfactory for the NEOS experiment.
Summary
The NEOS detector is specifically built to yield a reliable measurement of the reactor antineutrino anomaly. We developed 0.5 % Gd-loaded LS, based on the mixed solvents of LAB and UG-F. This mixture shows promising properties, with a better overall utility of materials (price, synthesis, and handling) than commercial LS. Quality controls were applied at each step of the mixing procedure, such as checking the light yield, Gd concentration, transmittance, density and water contents. All physical and optical properties are satisfactory for the experiment. Recording of data for the NEOS experiment began August 2015. Fig. 3 Water content as a function of the amount of N 2 gas injected into the GdLS [17] . The water content decreases and then reaches below 250 ppm, which matches our specification. All data points are fitted with a simple exponential function. The uncertainty of the fit is indicated by the band Fig. 4 Transmittance (T) and absorption values of the NEOS liquid scintillator as a function of wavelength (300-500 nm) on one plot [17] . The measurement was carried out in a 10-cm-path-length quartz cuvette cell. The solid line represents the absorption, and the dashed line represents the transmittance. The transmittance value is given as a percentage. The transmittance values of the LS and GdLS were over 92 % at the wavelength of 420-500 nm. UG-F and LAB-based Gdunloded LS are used for comparison
